Thick macroscopic membranes of magnetically aligned single-wall carbon nanotubes ͑SWNT͒ have been produced via high pressure filtration of aqueous surfactant-suspended SWNT in a magnetic field, resulting in membrane thicknesses of 10 m and surface areas of 125 cm 2 . Field strengths of 7 and 25 T were used. Polarized Raman spectroscopy shows an anisotropy of (2.5Ϯ0.5), indicating good alignment. A similar degree of alignment was seen at both intensities of magnetic field. Furthermore, the degree of alignment is comparable to that achieved in previous work that produced smaller and thinner membranes at 25 T. The membranes also exhibit uniform anisotropy across their surface and throughout their thickness.
I. INTRODUCTION
Theoretical predictions and experimental results have found single-wall carbon nanotubes ͑SWNTs͒ to have remarkable mechanical, electrical, and thermal properties; however, bulk samples of randomly oriented SWNTs have exhibited substantially lower electrical and thermal conductivities than expected for individual SWNTs.
1,2 Aligned assemblies hold the promise of materials that exhibit, as bulk materials, the more desirable properties of individual SWNTs as bulk properties.
Numerous approaches for alignment of SWNTs have been attempted. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The most desirable approach for fully harnessing the properties of SWNTs at the macroscale is one that provides a direct route for producing a neat ͑unsup-ported͒ macroscopic assembly of pristine SWNTs that are free of a polymer matrix or other structural medium that may compromise the properties of the SWNTs. Most processes reported thus far have fallen short of this goal for a variety of reasons. Some processes are effectively constrained to the nanoscale in at least one dimension. 3, 4 Other processes require the use of a polymer system. [5] [6] [7] [8] [9] One process has been reported that produces a single macroscopic loose fibrous aggregate of 2-10 m in diameter and up to 10 cm long using an electric bias; 10 however, we seek to avoid any risk of unwanted electrochemical modification of our assemblies. A few processes have resulted in strands or ribbons without the use of polymers or electric fields; [11] [12] [13] these processes are relatively limited in the size of nanotube structure or degree of alignment they can produce. Our previous work utilized a 27-T-magnetic field to produce membranes 2-3 m thick with an irregular surface geometry 5 cm 2 in area. 14, 15 The significant resources required to produce a 27 T field make it an impractical pathway towards neat macroscopic assemblies of SWNT.
Calculations based upon published values of SWNT magnetic susceptibilities 16 -20 show that SWNTs suspended freely in a liquid should align in a magnetic field of order 10 T. Optical results have shown a response consistent with an alignment effect at magnetic fields as small as 6 -8 T. 15 Theory predicts that the interaction between SWNT and magnetic fields is a weak field effect, which supports the hypothesis that the production of thicker membranes should be feasible. The predicted magnetic susceptibilities are small in magnitude; therefore screening of the applied field by adjacent nanotubes should be negligible. Hence, it should be possible to assemble successive layers of aligned SWNTs without reduction of the alignment due to screening of the field. By contrast, high electric polarizability 21, 22 leads to screening and dipole-dipole interactions in a dense assembly of SWNTs immersed in an electric field. We report here the successful production of thick neat macroscopic SWNT assemblies at the more readily attainable magnetic field intensity of 7 T.
II. EXPERIMENT
The colloids used in this work contained SWNTs produced via laser vaporization 23 and purified. 24 The colloid preparation began with the creation of a stock solution of SWNTs and Triton X-100 ͑TX100͒, typically several times more concentrated than the final suspension. The stock solution was sonicated for at least 8 h in a 5.5 gallon Bransonics B8510MT. The solution was then diluted to its final concentration of 0.04 g/L SWNT and 0.05% by weight TX100, or 1 g/L SWNT and 1% by weight TX100. It was sonicated again for at least 4 h. The result of the process was a welldispersed colloid that was stable for the duration of the experiments.
The SWNTs were deposited from this colloid via filtration. A custom cylindrical filter apparatus was built to provide the largest possible surface area within the constraints of a 51 mm diameter cylindrical magnet bore, the smallest To withstand the filtration pressures, the filter was further reinforced by an underlying sleeve of polypropylene mesh with a pore size of 105 m. The filter and mesh sleeve were wrapped around a cylindrical Delrin support with a hollow core and 1/16 in. holes spaced every 1/8 in. along its surface. The polypropylene support mesh was wrapped around the core and sealed along its length by a single weld line from a soldering iron. The filter was then wrapped around the mesh and core and similarly joined along its length with three weld lines. The ends of the filter and mesh were then sealed with sections of 1.5 in. diameter heat shrink material. The resulting filter assembly is illustrated schematically in Fig. 1 . The filter assembly was sealed in a Lexan housing that allowed fluid to flow through the filter assembly and then flow out through the center and bottom of the Delrin core into a drainage tank, which was positioned on a digital scale. The filter apparatus was connected to three source tanks, which could be driven by pressure from a cylinder of compressed nitrogen. The three source tanks contained the SWNT colloid, aqueous TX100 at the same concentration as in the colloid, and isopropyl alcohol ͑IPA͒. The overall apparatus schematic is shown in Fig. 2 .
The filter assembly was then positioned in the magnet bore. The 25 T field used in this and previous work was produced in a 27 T Florida-Bitter type dc resistive magnet with a 51-mm-diameter vertical bore, located at the National High Magnetic Field Laboratory in Tallahassee, FL. The 7 T field was produced with a custom Oxford superconducting solenoid magnet with a 15-cm-diameter horizontal bore. The same filtration apparatus was used in both magnets throughout this work.
The filtration process began with a priming of the system with the TX100 solution. The SWNT colloid was then introduced and filtered. Based on previous observations, 15 the aligned SWNTs concentrate at the filter surface forming a layer in which TX100 is still present to prevent aggregation. As the deposition proceeded and the aligned SWNT layer grew thicker, the positive pressure was steadily increased to as much as 175 PSI to maintain a mass flow rate of 0.10-0.20 g/s. At least 0.5 kg of TX100 solution was then rinsed through the system, followed by a minimum of 4 kg of IPA. The mixing chamber produced a gradual transition from TX100 solution to IPA. IPA is a known flocculent for the SWNT colloids used in this process and a good solvent for TX100. Slow introduction of IPA stimulated a gentle aggregation of the aligned SWNT layer. This promoted the coalescence of large aligned ropes in the final assembly, as well as producing more void spaces for fluid to flow through. This resulted in a doubling or tripling of mass flow rate in this final rinse step. An example of the pressures and flow rates for a typical run are shown in Fig. 3 . Upon completion of filtration, the apparatus was disassembled and the filter cut away from its support structures.
Subsequent removal of the SWNT membrane from the filter membrane was necessary for analysis. The Osmonics Magna membrane consisted of 6,6 nylon with a polyester support. The desired sample size was cut from the filter and placed in a Buchner funnel. A slow flow of concentrated formic acid was dripped onto the sample until the SWNT membrane spontaneously came free from the filter membrane. This usually occurred within 60 s. Purified water ͑18 M⍀͒ was then rinsed liberally over the sample until the rinse water tested with a neutral pH. The sample was then sandwiched between two Teflon filter disks to maintain the flatness of the sample during drying; otherwise, the samples tended to curl spontaneously.
III. RESULTS
The SWNT membrane produced by the filtration process was distinctly more lustrous than a typical randomly oriented buckypaper, consistent with a smoother surface, and exhibited preferential shearing along the axis of the applied magnetic field, consistent with an aligned microfibrillar structure. Anisotropic signal intensity of polarized Raman spectroscopy has become an accepted tool for assessing the alignment of SWNT structures.
10,15 Figure 4͑a͒ shows the Raman scattering intensity as a function of polarization angle for materials produced at 25 and 7 T with the same process. Despite a lower alignment torque, a similar degree and quality of anisotropy and thus alignment is seen for the 7 T material. To assess the fidelity of data obtained from analysis of the as-produced surface, additional data were collected for a cleaved sample. Figure 4͑b͒ shows a remarkable similarity in the alignment data between the bulk and the as-produced surface. The alignment across a given sample was found to be quite uniform; the Raman signal intensity at a given orientation varied by only 5%-15% over a sample's surface ͑data not shown͒.
IV. DISCUSSION
Theoretical predictions show that the magnitude of magnetic susceptibility, and thus the magnitude of the aligning torque, increases with an increase in the diameter of the SWNT. 19 Given the remarkable similarity of the alignment seen between samples produced in 25 and 7 T, it is clear that the 7 T magnetic field is not a significant limiting factor in the process. Given the results of calculations, 15 if the SWNT colloid consisted of truly individual SWNTs, a noticeable difference in alignment would be expected under the different fields used. The results can be explained if the SWNT colloid is in fact comprised mostly of small bundles and ropes as opposed to individual tubes. As the suspension is broken and these bundles, ropes, and tubes aggregate into larger structures, the alignment torque would increase. However, if the colloid consisted primarily of individual tubes, the aggregates would flocculate before the magnetic susceptibility was great enough to induce significant alignment force.
The Raman results indicate that the membranes possess alignment that persists throughout the membrane thickness. Therefore, these are macroscopic bulk aligned materials, suitable for a variety of measurements and applications. Further discussion of properties and analysis of these membranes will be presented separately.
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V. CONCLUSION
We have successfully produced neat magnetically aligned SWNT membranes 10 m thick and 125 cm 2 in area via filtration of a SWNT colloid in a 7 T magnetic field. Our 7 T samples exhibit alignment similar to that attained at 25 T. The alignment is uniform across the surface and through the depth of the membranes. These results demonstrate a more feasible pathway for researchers to produce neat aligned SWNT samples.
